The origin of protein bodies in maize (Zen mays L.) endosperm was investigated to determine whether they are formed as highly differentiated organefes or as protein deposits within the rough endoplasmic reticulum.
During development of cereal seeds, storage proteins are synthesized in the endosperm and deposited in protein bodies (5, 9, 19) . Based on electron micrographs of developing wheat endosperm, Morton and co-workers (20) concluded that these protein bodies originated in specialized protein-forming organelles (plastids) which contained polyribosomes distinct from those of the general ER. An ultrastructural study of developing maize seeds led Khoo and Wolf (11) to conclude that the endosperm protein bodies originated in vesicles produced by RER or formed at the enlarged ends of RER cisterna.
Recent experiments have demonstrated that protein bodies in maize (3, 13) and barley endosperm (2, 6) contain the major prolamine proteins and that these proteins are synthesized by membrane-bound polyribosomes. In some of these studies membrane-bound polyribosomes were isolated from the particulate fraction that pelleted between 500 and 37,000g2 (2, 6, 13) . In another study polyribosomes were isolated from a protein body fraction obtained by continuous sucrose gradient centrifugation (3) . Because 2 Abbreviation: g gravitational force determined at Ray. protein bodies are highly differentiated sites of storage protein synthesis (3, 20, 27) , and furthermore that mRNAs isolated from "protein body" polyribosomes represent a homogeneous source of mRNAs (4) . Since the particulate fraction that sediments between 500 and 37,000g contains a mixture of RER, protein bodies, and other membranous inclusions, polyribosomes obtained from this fraction may represent a heterogeneous sample of mRNAs.
To determine the origin of maize endosperm protein bodies and the heterogeneity of mRNAs associated with them, we have done ultrastructural and cell fractionation studies. Results from these studies as well as experiments analyzing in vitro products of purified zein mRNAs are reported here.
MATERIALS AND METHODS
Electron Microscopy. Sections of 19-day postpollination endosperm tissue from the maize (Zea mays L.) inbred line W64A were fixed 1.5 to 2 hr at room temperature in 2.5% glutaraldehyde with 0.1 M sodium cacodylate buffer (pH 7.2). Samples were rinsed with buffer and postfixed 3 hr in 2% osmium tetroxide in the dark. Fixed specimens were rinsed in H20, soaked 8 to 12 hr in 0.5% aqueous uranyl acetate, dehydrated in acetone, and embedded in Epon. Thin sections were stained with lead citrate and viewed with a Philips EM 200 electron microscope. Isolated cell fractions were pelleted and treated similarly.
Ceil Fractionation and Polyribosome Isolation. Developing maize seeds were frozen in liquid N2 22 days after pollination and stored at -80 C (13) . After homogenization of frozen kernels in 3 volumes of buffer A (0.2 M Tris-HCl [pH 8.5], 0.2 M sucrose, 60 mM KCI, 50 mM MgCl2, 1 mM DTT), the extract was strained through cheesecloth and centrifuged in a Sorvall SS-34 rotor at 500g for 5 min. Total membrane-bound polyribosomes in the 500g supernatant (which contained a mixture of protein bodies and RER) were obtained by centrifugation at 37,000g for 10 min. The membranous pellet was suspended in buffer A containing 1% Triton X-100, and detergent-insoluble material was removed by centrifugation at 37,000g for 5 min. The supernatant fraction was layered over 4 ml of 2 (14) . The RNA was heated to 60 C for 3 min, rapidly chilled to 4 C, and centrifuged at 120,000g for 17 hr in a Beckman SW 41 rotor. Gradients were scanned photometrically at 254 nm and 0.4-ml aliquots collected. After adding 0.5 ml of H20, 0. Fluorography of dried gels was essentially as described by Laskey and Mills (15) .
RESULTS
Endosperm cells of 19-day-old maize kernels were characterized by an extensive network of RER, starch grains, and by the presence of numerous protein bodies. The interconnecting cisternae of RER appeared discontinuous in cross-section (Fig. IA) , but surface sections (Figs. lB and 2A) revealed that this discontinuity was due to the presence of pores. A striking feature of surface sections of RER was the presence of numerous ribosomes in polyribosome configuration (Figs. lB and 2A). Protein bodies were prominent in endosperm cells (Fig. 1A) ; they were circular to ovoid in profile, had a finely granular, uniformly stained matrix, and were bounded by a membrane. Ribosomes and polyribosomes were associated with protein body membranes and were especially distinct in protein bodies sectioned obliquely (Figs. lB and 2A).
The protein bodies were closely associated with RER (Fig. IA) , and in some instances protein body membranes were directly connected with RER (Fig. 1B) .
To determine if membranes associated with protein bodies had properties of ER, the 5OOg supernatant was analyzed on a continuous sucrose gradient, and the distribution of Cyt c reductase was monitored. This enzyme is commonly used as a marker for ER (7, 17, 23) . As indicated in Figure 3 , the gradient revealed three peaks of Cyt c reductase activity. The region of highest activity had the greatest UV absorbance and remained near the top of the gradient. This region corresponded to stripped RER, since it was displaced to a greater density when Mg was included in the gradient (data not shown). The second zone of Cyt c reductase activity had little UV absorbance and corresponded to mitochondria, since it also had Cyt c oxidase activity. The third peak of Cyt c reductase activity corresponded to a zone of high UV absorbance (light scattering). When a sample from this region of the gradient was examined with the electron microscope it was found to contain protein bodies (Fig. 2B) , indicating that the enzyme activity was associated with protein body membranes.
When the 5OOg supernatant was centrifuged on discontinuous sucrose gradients consisting of layers of 0.5, 1.5, and 2.0 M sucrose in buffer B, two prominent light scattering zones were formed.
One band, between 0.5 and 1. Plant Physiol. Vol. 62, 1978 comparing polyribosomes from RER with those from protein bodies, 45 and 50%o, respectively, of the products were ethanolsoluble.
No differences in the ethanol-soluble proteins synthesized by these isolates could be detected by fluorography after SDS-polyacrylamide gel analysis. We therefore analyzed the ethanol-insoluble radioactive proteins. The ethanol-insoluble proteins synthesized by polyribosomes from RER (Fig. 4A ) or protein bodies (Fig. 4B, 4PB ) appeared to be identical. The size distribution of proteins in these samples was heterogeneous, although there were distinct bands whose mol wt corresponded to the major ethanolsoluble proteins. Neither the source nor the method by which the membrane-bound polyribosomes were isolated qualitatively altered the pattern of labeling.
A sucrose gradient analysis of the mRNA isolated from a mixed membrane fraction is presented in Figure 5 . The mRNA, which sedimented at approximately 13S under these conditions (14) , was separated into small fractions and translated in vitro. An analysis of hot acid-insoluble products synthesized by the fractionated mRNA is shown in Figure 6 . The synthesis ofneither ofthe major zein components was directed by mRNA in fraction 10. (Fig. 8B) .
DISCUSSION
In an early study of storage protein synthesis in wheat endosperm, Morton and co-workers (20) concluded that protein bodies originated in specialized protein-forming organelles (plastids). A similar situation has been suggested for maize endosperm (3), and that isolation of polyribosomes associated with protein bodies permits isolation of homogeneous preparations of zein mRNA (4) .
Our results favor the interpretation of Khoo and Wolf ( 1) Although it must be pointed out that in cross-section direct membrane continuity between protein body and RER membranes is not common (Fig. 1) , such observation is hindered by the presence of pores in the RER (Figs. lB and 2A) . If protein bodies originate as localized dilations along the RER(l1), the number of observed continuities would be statistically small.
We observed two peaks of Cyt c reductase activity in sucrose gradients corresponding to RER and protein body membranes. Although this finding indicated that membranes surrounding protein bodies are closely related to ER, it does not prove that polyribosomes on protein body membranes are identical to those on RER. Asymmetric distribution of RER exists in the pancreatic exocrine cell (21) , as well as plant cells during cell plate formation (22) . Such segregation has been cited as a possible indication of heterogeneity in polyribosome binding sites on the RER (25) .
We tested for variation among membrane-bound polyribosome populations by comparing the amount of alcohol-soluble protein synthesized. While this proportion varied among experiments, the proportions were similar within any single experiment. In an mRNA in fraction 11 directed synthesis of only the smaller zein component, while that in fraction 12 (and several subsequent fractions) directed synthesis of both zein components. These proteins corresponded to the major zein components as previously reported (13, 14) ; however, they migrated more slowly in the gel than the native proteins. Compared to labeled OX-174 proteins (Fig. 7) , the mol wt ofthe native proteins (indicated by the arrows) were 19,000 and 22,000 daltons and the proteins synthesized in vitro were 21,000 and 24,000 daltons.
Slightly larger transcripts of the two major zein components were synthesized when either mRNA or polyribosomes stripped from the ER were added to the in vitro protein-synthesizing system. To determine if ER was involved in the reduction in isolated from continuous gradients. Although the proportion of ethanol-soluble protein was less in this experiment (Table I) , there was no significant difference resulting from the method by which protein bodies were isolated.
Since the similarity between alcohol-soluble proteins synthesized by different polyribosome preparations may result from selection for zein proteins by the extraction procedure, we also analyzed the alcohol-insoluble proteins on SDS-polyacrylamide gels. Samples from either the RER (Fig. 4A) or protein body polyribosomes (Fig. 4, B and C) contained a heterogeneous distribution of [14Cjleucine-labeled proteins. The pattern of labeling between these fractions was identical, and was independent of whether polyribsomes were from protein bodies isolated by continuous or discontinuous gradient centrifugation. The presence of labeled proteins in these samples of similar mol wt to the major zein proteins may reflect incomplete extraction of zein by ethanol.
Our results suggest that homogenization of developing endosperm results in fragmentation of RER, and because of the greater density of protein bodies, two fractions of membrane-bound polyribosomes are recovered. The 60 to 40% distribution of polyribosomes between RER and protein bodies is therefore probably an artifact of tissue homogenization. A similar population of polyribosomes, hence mRNAs, exists in both fractions. Although zein mRNAs are predominant in these polyribosomes, other mRNAs are also present. Quantitative recovery of these mRNAs requires isolation of the total membrane-bound polyribosomes.
The mRNA from total membrane-bound polyribosomes showed a homogeneous size distribution in sucrose gradients (Fig.  5 ). When this mRNA was fractionated and translated in vitro, only the major zein subunits were evident (Fig. 6) . We previously reported that approximately 90% of the labeled protein synthesized by the poly(A) RNA with [ 4CJleucine was soluble in ethanol (14) .
As yet we have insufficient data to determine if the predominance of zein proteins in these products results from preferential translation of zein mRNAs in the wheat germ cell-free system, or loss of mRNAs coding for the alcohol-insoluble proteins during poly(A) RNA isolation.
Results from experiments in which mRNA from membranebound polyribosomes was fractionated and translated in vitro demonstrate that separate, but similar sized, mRNAs code for the major zein subunits. This conclusion is also supported by evidence that mRNA from the opaque-2 mutant, which synthesizes only the smaller zein component, has the same mol wt as normal mRNA (10) .
Because of the increased resolution obtained by fluorography of SDS-slab gels, we were able to determine that in vitro translation products of zein mRNAs were approximately 2,000 daltons larger than the native proteins. This result, which is in agreement with the preliminary report of Burr et al. (4) , suggests that the storage proteins are synthesized as precursors, similar to proteins of animal mRNAs derived from RER (25) . It has been shown in several instances (25) that such precursors contain an extra N-terminal amino acid sequence. This sequence is postulated to initiate polyribosome attachment to RER, and is subsequently removed by proteolytic cleavage (1, 25) . When such mRNAs are translated in vitro in the presence of RER membranes, proteolytic cleavage occurs and proteins of correct mol wt are obtained (1) . In order to determine if RER membranes were involved in processing zein proteins, we compared alcohol-soluble products from reactions containing RER and detergent-solubilized polyribosomes (Fig. 8) . Although reactions containing RER gave less total [14CJleucine incorporation than those containing purified polyribosomes, sufficient product was obtained for analysis by concentration of alcohol-soluble protein. A comparison of proteins from these reactions on SDS-polyacrylamide gels indicated that products of RER were of smaller mol wt. Although the reduction in size of the larger zein component in Figure 8B was more apparent than that of the smaller component, both radioactive bands coincided with the native proteins. The reduction in size of the smaller zein component was less apparent as a result of more intense labeling of this protein by the purified polyribosome fraction (Fig. 8A) . The alteration in protein size did not appear to result from nonspecific proteolytic activity or incomplete mRNA translation since proteins of distinct mol wt were synthesized, and these results were very reproducible. Although we have insufficient data to conclude that a portion of the N-terminal amino acid sequence was removed, this seems a reasonable explanation.
